Cocaine-and amphetamine-regulated transcript (CART) peptide is a widely distributed neurotransmitter that attenuates cocaine-induced locomotor activity when injected into the nucleus accumbens (NAc). Our previous work first confirmed that the inhibitory mechanism of the CART peptide on cocaineinduced locomotor activity is related to a reduction in cocaineenhanced phosphorylated Ca 2+ /calmodulin-dependent protein kinaseIIa (pCaMKIIa) and the enhancement of cocaineinduced D3R function. This study investigated whether CART peptide inhibited cocaine-induced locomotor activity via inhibition of interactions between pCaMKIIa and the D3 dopamine receptor (D3R). We demonstrated that lentivirus-mediated gene transfer transiently increased pCaMKIIa expression, which peaked at 10 days after microinjection into the rat NAc shell, and induced a significant increase in Ca 2+ influx along 
with greater behavioral sensitivity in the open field test after intraperitoneal injections of cocaine (15 mg/kg). However, western blot analysis and coimmunoprecipitation demonstrated that CART peptide treatment in lentivirus-transfected CaMKIIa-over-expressing NAc rat tissues or cells prior to cocaine administration inhibited the cocaine-induced Ca 2+ influx and attenuated the cocaine-increased pCaMKIIa expression in lentivirus-transfected CaMKIIa-over-expressing cells. CART peptide decreased the cocaine-enhanced phosphorylated cAMP response element binding protein (pCREB) expression via inhibition of the pCaMKIIa-D3R interaction, which may account for the prolonged locomotor sensitization induced by repeated cocaine treatment in lentivirus-transfected CaMKIIa-over-expressing cells. These results provide strong evidence for the inhibitory modulation of CART peptide in cocaine-induced locomotor sensitization. Keywords: CART peptide, cocaine, locomotor sensitization, nucleus accumbens, pCaMKIIa-D3R interaction, pCREB. J. Neurochem. (2018) 146, 289--303.
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Cocaine is a strong psychostimulant with extensive effects on the central nervous system (CNS), such as inducing sensitivity and increasing locomotor activity and euphoria in humans and animals (Gawin and Kleber 1986; Koob and Le Moal 1997; Koob et al. 2004) . However, cocaine is an illegal drug worldwide because of its high addiction potential (Karila et al. 2014) . Cocaine addiction is a chronically relapsing disorder caused by repeated exposure to cocaine, and three main features characterize it: craving; escalation of drug misuse; and persistent risk of relapse with dysphoria, anxiety, and irritability after drug withdrawal (Koob and Le Moal 1997; Koob et al. 1998) . The mesolimbic dopamine system is essential for cocaine reinforcement (Robbins and Everitt 1999) . The primary circuits underlying the drug reward effect and behavior motivation in this system comprise dopaminecontaining neurons in the ventral tegmental area (VTA) that project to the nucleus accumbens (NAc) and the related limbic structures, including the amygdala, hippocampus, and frontal cerebral cortex (Robbins and Everitt 1999; Nestler 2001) . Dopaminergic receptors (DRs), critical mediators of the locomotor activity of psychostimulants, are categorized into a D1-like activating class (D1R, D5R) and a D2-like inhibitory class (D2R, D3R, and D4R) (Neve et al. 2004; Sokoloff et al. 2006; Liu et al. 2009 ). Antagonists of D1, D2, and D3 receptors attenuate the reinforcement and rewarding properties of cocaine (Caine et al. 1995; Epping-Jordan et al. 1998; Neve et al. 2004; Bari and Pierce 2005; Liu et al. 2009 ). Repeated exposure to cocaine up-regulates the cyclic adenosine 5 0 -monophosphate (cAMP) pathway downstream of DR activation, which eventually phosphorylates transcription factors, including cAMP response element binding protein (CREB) in the NAc (Nestler and Aghajanian 1997; Nestler 2004; Le Moal and Koob 2007; Fu et al. 2016) . Decreased CREB phosphorylation reduces cocaine self-administration and suppresses cocaine-induced locomotor activity (Self et al. 1998; Fu et al. 2016) . Inhibition of calcium channels or Ca 2+ / calmodulin (CaM)-dependent protein kinase II (CaMKII), which is a synapse-enriched enzyme that is activated by Ca 2+ and CaM binding in the NAc (Hudmon and Schulman 2002; Loweth et al. 2008; Liu et al. 2009; Loweth et al. 2013) , decreases cocaine-induced behavioral sensitization (Pierce et al. 1998) . Activated CaMKII phosphorylates the D3R and autophosphorylates its own a subtype in the autoregulatory domain, which further enhances the interaction of CaMKIIa with D3R (Liu et al. 2009 ). Notably, the D3 DA receptor is an inhibitory G-protein-coupled receptor that is preferentially expressed in the NAc shell, and it inhibits the formation of adenylyl cyclase that activates the cAMP/protein kinase A (PKA) cascade (Neve et al. 2004; Sokoloff et al. 2006) . Interactions between D3R and phosphorylated CaMKIIa (pCaMKIIa) in the NAc inhibit D3R function and suppress D3R-mediated down-regulation of the cAMP signaling pathway (Liu et al. 2009 ), which may alter the CREB phosphorylation downstream of cAMP/PKA signaling. Boudreau et al. (2009) confirmed that repeated cocaine exposure transiently increased the CaMKIIa levels in the NAc, which may initiate the long-lasting behavioral sensitivity (Pritchard et al. 2007; Boudreau et al. 2009; Singer et al. 2010) . Liu et al. (2009) , proposed a model in which cocaine increases locomotor activity by recruiting CaMKII to D3Rs to suppress postsynaptic D3R function in the inhibition of the cocaineinduced locomotor sensitization (Singer et al. 2010) .
Cocaine-and amphetamine-regulated transcript (CART) peptide is a widely distributed neurotransmitter in the hypothalamus, NAc, and VTA (Douglass et al. 1995; Koylu et al. 1998; Barrett et al. 2002; Jaworski et al. 2003b) . Douglass et al. (1995) demonstrated that the level of CART mRNA expression in the brain reward region increased after the administration of psychostimulant drugs, including cocaine and amphetamine; this finding supports the hypothesis that CART mRNA and peptides play important roles in the modulation of the reinforcing and reward effects of psychostimulants (Douglass et al. 1995) . CART-containing neurons are GABAergic medium spiny neurons that reside in the NAc (Smith et al. 1999; Dallvechia-Adams et al. 2002; Hubert et al. 2010) . Dopamine receptors, or at least the D3 receptor, may partially regulate the expression of CART mRNA and peptides (Beaudry et al. 2004) . The activated transcription factor CRE-binding protein CREB (phosphorylated cAMP response element binding protein, pCREB) in the cAMP/PKA/CREB signaling pathway attaches to the CRE-binding site in the proximal promoter of CART, which leads to the expression of CART mRNA and peptides (Barrett et al. 2002; Kuhar et al. 2005; Jones and Kuhar 2006; Rogge et al. 2009 ). Regulation of CART mRNA and peptide expression may also involve the cAMP/PKA signaling pathway and CREB (Barrett et al. 2002; Jones and Kuhar 2006; Rogge et al. 2009 ). Intra-accumbal injection of CART peptide may blunt the locomotor-activating effect of cocaine (Jaworski et al. 2003a; Yoon et al. 2007; Peng et al. 2014) , which suggests that the CART peptide may be a potential target for the treatment of cocaine addiction. However, the specific mechanisms of the intra-accumbal injected CART peptide attenuation of cocaine-induced behavioral sensitivity are not clear. Our previous reports found that exogenous CART peptide dose-dependently inhibited calcium influx in the intracellular Ca 2+ /calmodulin-dependent kinase signaling pathway, suppressed DR phosphorylation, and down-regulated the cAMP/PKA/pCREB signaling pathway, which reduced CREB phosphorylation (Cai et al. 2014; Peng et al. 2014; Fu et al. 2016) . Cocaine may increase locomotor activity via the recruitment of CaMKII to D3Rs (Liu et al. 2009 ), but we postulate that the inhibitory effect of CART peptide is associated with the inhibition of pCaMKIIa-D3R interactions. We transferred a lentiviral vector (LV) over-expressing CaMKIIa into NAc shell or cells to investigate our hypothesis. We identified the effect of CART peptide on the Ca 2+ -influx, Ca 2+ -signaling, pCaMKIIa-D3R interaction, and D3R signaling responses in the rat NAc shell to the combination of LVCaMKII and cocaine administration. This study provides powerful evidence to support a promising and significant therapeutic effect of CART peptide on cocaine addiction.
Materials and methods

Experiment procedures
The study was not pre-registered. The experiments performed in this study followed pseudo-randomized and repetitive-measurement rules. A computer random number generator launched a simple pseudorandomization to equally allocate the subjects to different groups. The inclusion criteria of this study consist of rats or NAc cells with appropriate age and state (healthy and vigorous) that were CaMKIIa over-expressed by lentivirus transfection, sensitized to the cocaine treatment and intra-accumbal injected with CART peptide, whereas the exclusion criteria included rats or NAc cells that were seriously infected or within improper age; incorrectly probe inserted or pseudo CaMKIIa-over-expression; discontinuous/insufficient infusions of CART peptide or cocaine treatment. Those administering the interventions and those assessing the outcomes were blinded to the group assignment before and during the experiments. Similar experiments were conducted more than three times to enhance the quality of the measurements. First, a total of 36 rats were randomly divided into four groups of three rats each within three repeated experiments. No animals died during the experiments. The CaMKIIa expression levels following lentivirus gene transfer to rat NAc shell or cells at 4, 7, 10, and 14 consecutive post-infection days were monitored to ascertain the time points with the best infection efficiency. Then, the effects of CaMKIIa over-expression on cocaineinduced locomotor activity and Ca 2+ influx were analyzed in the NAc shell tissues or cells of two rats treated with LV-GFP or LV-CaMKIIa and cocaine. The in vivo experiments involved six rats per group and were repeated three times, and the in vitro experiments involved four NAc cultures per group. Finally, a total of 72 rats received injections of CART (55-102) rat (Cat 46-2-55, Lot #C1813; American Peptide Company Inc., Sunnyvale, CA, USA) or saline into the bilateral NAc shell, followed by an intraperitoneal injection of cocaine or saline, to examine the inhibitory mechanism of the CART peptide on the NAc shell responses to CaMKIIa over-expression in combination with cocaine across three repeated in vitro experiments. Open field tests were performed to measure locomotor activity and were followed by western blot analysis and coimmunoprecipitation to monitor the expression levels of CaMKIIa, pCaMKIIa, and CREB and the pCaMKIIa-D3R interaction. In addition, the Ca 2+ influx in the 48
NAc cultures transfected with lentivirus was measured after treatment with CART peptide or saline followed by cocaine or saline for four cultures per group across three repeated in vitro experiments. Postnatal NAc cell culture Postnatal NAc cells were removed from the brains of postnatal male Sprague-Dawley rats (Committee on the Ethics of Animal Experiments of the University of Nanchang, Permit Number: 2010-0002, RRID: RGD_728193) and rinsed in ice-cold Hank's Balanced Salt Solution (HBSS), as described previously (Shi and Rayport 1994) . Cells were incubated in 2 mL HBSS and dissociated with 2 mL trypsin-EDTA (Sigma, St. Louis, MO, USA) for approximately 12 min at 37°C. Inoculation medium (2 mL), including neurobasal growth media, 5% fetal bovine serum, 1% glutamic acid, and 1% B27 was used to terminate the dissociation following a 5-min centrifugation at 1000 r/min. NAc cells were plated at a density of 10 5 -10 6 in inoculation growth medium. This medium was replaced with growth medium containing neurobasal growth media, 1% glutamic acid, and 1% B27 every 3 days, and cells were used after 14 days of growth.
Animals
Surgery and intra-accumbal infusion
Our preliminary experiments and some studies showed that pentobarbital sodium was short-acting anesthetic with lower side effects on cardiovascular functions and blood-brain barrier compared to the other anesthetic agents including isoflurane and ketamine/xylazine (Saija et al. 1989; Redfors et al. 2014; Sano et al. 2016) . Rats were anesthetized using sodium pentobarbital (dissolved in saline, 42 mg/kg, intraperitoneal injection; Sigma Co.) prior to surgery. Rats were placed in a stereotaxic frame (Neurostar Co., Sindelfingen, Germany) and implanted with bilateral stainless steel guide cannula assemblies (22 gauge; Plastics One, Roanoke, VA, USA) directly in the bilateral NAc shells during aseptic stereotaxic surgery. The target stereotaxic coordinates for the guide cannula (relative to bregma) were as follows: A/P + 1.7 mm, M/ L + 1.6 mm, and D/V À7.5 mm (Paxinos and Watson 2007) . The guide cannula assemblies were tightly anchored to the skull with two fixed small stainless steel screws and dental cement. The inserted screws were deliberately not placed deeply to avoid causing damage to the brain. Dummy cannulae were inserted to prevent blockage, and a dust cap was screwed onto the top of the cannula assemblies. Benzylpenicillin G sodium (0.96 g (1.6 MIU)/vial, 1 mL/rat, intramuscular injection, Shandong Lukang Pharmaceutical Co., Ltd, Shandong, China) was dissolved in 2 mL saline and injected for anti-inflammation and Iodophors Disinfectant (ShanDong LIRCON Medical Technology Incorporated Company, Dezhou Economic Development Zone of Shandong, China) was superficially applied to minimize intracranial infection and rat mortality. The health of each rat was monitored daily following surgery and at least 10 days of recovery was allowed prior to the start of the experiments. Stainless steel injector cannulae (28 gauge; Plastics One) secured to 10-lL syringes (Neurostar Co.) and polyethylene-10 tubing were used to perform the infusions. The bilateral NAc shells were injected initially with viral supernatant (1 lL/side) over 60 s. CART 55-102 dissolved in 0.9% saline (20 ng/lL) or saline alone was not injected until calmodulin-dependent kinase IIa expression peaked in the rat NAc shell following viral injection. The injector was left in place for 60 s after each injection.
Lentivirus production and transfection
Replication-deficient LVs encoding CaMKIIa were constructed and packaged by Shanghai Genechem Co., Ltd. (Shanghai, Pudong) (Fig. 1a) . CaMKIIa cDNA was inserted into a lentivirus threeplasmid system with two helper plasmids coding for gag-pol, env, and herpes simplex virus-derived VSV-G (Merten et al. 2016) . The average titer of the resulting viral stocks obtained from transfected HEK293 cells was 7.0 9 10 9 infectious units/mL. Cultured NAc cells were diluted to 3-5 9 10 4 /mL in complete medium and microinjected into the rat NAc shell. Viral solutions contained 5 lg/ mL Polybrene to improve infection.
Histology
All rats were anesthetized with sodium pentobarbital (dissolved in saline, 42 mg/kg, intraperitoneal injection; Sigma Co.). Following thoracotomy, the heart was exposed and perfused with saline, followed by 4% paraformaldehyde. Brains were dissected and immediately fixed in 4% paraformaldehyde at 4°C for approximately 24 h. Brain slices were prepared (15 lm/slice) using a microtome, gently mounted on glass slides and loaded with a dye solution (cresyl violet, Beyotime, Shanghai, China) for approximately 15 min. Slides were dehydrated twice in 95% alcohol for 2 min, washed in xylene for 5 min, and finally mounted using neutral balsam. Slides were checked for probe placement according to brain atlas (Paxinos and Watson 2007) . Only animals with intraNAc shell probe insertion were utilized in the data analyses.
Immunohistochemistry examination
Brain slices were incubated with 3% H 2 O 2 at 25°C for 10 min to eliminate the bioactivity of intrinsic peroxidase and washed twice in phosphate-buffered saline (PBS) for 5 min. Goat serum (5% diluted in PBS) was used to block non-specific binding for 10 min at 25°C. Slices were incubated with an anti-pCaMKIIa antibody (1 : 50, sc-12886-R, RRID: AB_2067915, Lot#E2013; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at 37°C and then washed three times in PBS for 5 min. An appropriate amount of horseradish peroxidase-conjugated polymer was added for 30 min at 25°C, which was followed by 5 min of PBS washing. DAB Plus Substrate mixed with DAB Plus Chromogen (Pierce Biotechnology, Rockford, IL, USA) was added to the slices for a 10-min incubation. After the samples were washed, counter-stained, dehydrated, rendered transparent and mounted, final images were obtained using a light microscope.
Immunofluorescence analysis
Brain slices were blocked in PBS-diluted normal serum for 30 min, and an anti-CaMKIIa antibody (1 : 50, sc-5391, RRID: AB_634553; Santa Cruz Biotechnology) diluted in PBS was added to brain slices overnight at 4°C. Slices were washed in PBS three times and incubated with an Alexa 488-conjugated anti-rabbit IgG (1 : 1000, Molecular Probes, Eugene, OR, USA) for 2 h at 25°C. Slices were washed in PBS four times, and 4 0 ,6-diamidino-2-phenylindole was added. Slices were covered with cover glass for observation under an ApoTome microscope (Carl Zeiss, Thornwood, NY, USA).
Measurement of locomotor activity
Rats were placed in an activity cage (20 9 20 9 18 cm) for 30 min for habituation 1 day before experiments. Rat locomotor activity was measured in activity cages (Panlab Harvard Apparatus, Barcelona, Spain) immediately after the microinjection of CART peptide and intraperitoneal injection of cocaine (15 mg/kg, i.p.). Cages were equipped with video cameras fixed above each cage and connected to a computer equipped with SMART software (version 3.0.01; Panlab S.L.U). Rats perambulated in the activity cage for 10 min under illuminated conditions. When rat activity interrupted the infrared beams, the movement was tracked, and the connected computer collected the total traveling distance.
Western blot analysis
The dissected NAc tissues were homogenized for protein extraction using a buffer containing lysis buffer, phenylmethylsulfonyl fluoride (5 lL/mL), 1% Triton X-100 (10 lL/mL), protease inhibitors, and phosphate inhibitors. The concentration of proteins was quantified using the Bradford assay. Equal amounts of proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a sodium dodecyl sulfate/10% polyacrylamide gel and transferred onto polyvinylidene difluoride membranes for 1.5 h. The membranes were blocked in 5% non-fat milk powders dissolved in Tris-buffered Saline wit Tween 20 (TBST) buffer for 2 h and then washed three times in TBST. The membranes were incubated with primary , and anti-GAPDH antibodies (1 : 1000, sc-365062, RRID: AB_10847862; Santa Cruz Biotechnology) at 4°C overnight. The membranes were washed three times in TBST, and a secondary anti-rabbit, anti-mouse or anti-goat antibody conjugated to horseradish peroxidase was incubated with the corresponding membranes for 2 h. The membranes were immersed in enhanced chemiluminescence-Plus chemiluminescent substrate and exposed using the FUSION-FX7 imaging system (Vilber Lourmat Co., Cedex, France) to evaluate the chemiluminescence. The relative OD of each band was measured using FUSION-CAPI analysis software.
Coimmunoprecipitation
The interaction between pCaMKIIa and D3R was measured using coimmunoprecipitation as described previously (Liu et al. 2009 Growth media were removed, and the NAc cells were washed in HBSS and treated with CART peptide (1 lM), cocaine (1 lM), and KCl. NAc cells were incubated with Fluo-4 NW at 37°C and 25°C for 30 min. Fluorescence was immediately measured using 485-nm excitation light and 535-nm emission light in a spectrofluorometer (BMG Labtech, Ortenberg, Germany) for 5 min with a 6-s interval.
Relative fluorescence is represented as F/F 0 , with F 0 indicating the initial fluorescence prior to calcium influx, and F indicating the fluorescence within the test duration.
Statistical analysis
The sample size was predetermined in preliminary experiments and power analyses, which confirmed that the power was at least 0.83 and that group assignment with six rats or four NAc cultures per group was sufficient for statistical significance (p < 0.05). There were some sample size differences because of post-surgery infection but these differences did not exceed two rats or one NAc cultures during the beginning and end of the experiments. An experimenter blinded to the experimental design performed all data analyses. The results are presented as the mean AE SEM. The statistical analyses were performed using SPSS 20.0. Two-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test was performed to assess the immunoblot data and amount of Ca 2+ influx. Statistical significance within different groups was compared using two-way ANOVA followed by Dunnett's post hoc test.
Results
Viral-mediated CaMKIIa transfer induced a transient localized over-expression of the transgene
Nissl staining indirectly revealed the exact location of inserted cannulae, with extremely high density of Nissl body around the NAc shell (Fig. 1c) . Microinjection of LVCaMKIIa into bilateral rat NAc shell or neurons caused transiently increased and localized transgene expression in the NAc, which may ultimately increase pCaMKIIa expression. Immunoblotting revealed the magnitude and temporal pattern of pCaMKIIa expression following LV-CaMKIIa infection (Fig. 1d) . The expression of pCaMKIIa increased transiently over time (over two-fold compared to that of the control group) and peaked at 10 days (western blot analysis, n = 4 rats/group, p < 0.001, Fig. 1d ), with no further increase at 14 days (western blot analysis, n = 4 rats/group, p < 0.01, Fig. 1d ). Immunohistochemistry and immunofluorescence analyses were performed 10 days post-infection to confirm that the transgene-over-expressing cells were in close proximity to the injection site in the NAc shell. The immunohistochemistry results revealed an extreme overexpression of pCaMKIIa within the NAc shell (Fig. 1e) .
Immunofluorescence of the fusion CaMKIIa-GFP construct confirmed the localized over-expression of pCaMKIIa in NAc cells (Fig. 1f) . Few GFP-positive cells were observed outside the cannula-inserted locus in the NAc, which illustrates the successful infection with no retrograde viral transport.
Transient CaMKIIa over-expression in the rat NAc shell enhances cocaine-induced locomotion Rat locomotor activity was measured using the open field test immediately after treatment with saline and cocaine for five consecutive days. The LV-CaMKIIa rats exhibited higher locomotor activity and followed a much more chaotic movement track than the LV-negative rats (Fig. 2b) . Measurement of the total traveling distance revealed an obvious increase in locomotor activity in cocaine-treated LV-negative rats. The LV-CaMKIIa rats were more sensitive to cocaine and exhibited a longer total traveling distance (n = 4-6 rats/ group, p < 0.05, Fig. 2c ), which suggests that CaMKIIa over-expression mediated the up-regulation of the cocaineinduced locomotor activity.
Transient CaMKIIa over-expression in NAc neurons enhances cocaine-induced Ca 2+ influx
NAc neurons transfected with LV-CaMKIIa exhibited high viability at 3 days post-transfection with a transfection efficiency that reached nearly 80% (Fig. 3b) . Ca 2+ influx allows the binding of Ca 2+ /CaM in the regulatory domain of CaMKIIa, which mediates CaMKII activation (Liu et al. 2009 ). Treatment of NAc neurons with cocaine (1 lM) increased the Ca 2+ influx elicited by K + depolarization in a Fluo-4 NW assay, and NAc neurons previously infected with LV-CaMKIIa exhibited much greater Ca 2+ influx (Fig. 3c) .
CART peptide decreased the Ca 2+ influx response in LVCaMKIIa and cocaine-treated NAc neurons K + depolarization produced a Ca 2+ influx in Fluo-4 NWloaded CaMKIIa-over-expressing NAc neurons, and CART peptide treatment immediately inhibited this influx (Fig. 4b) . However, cocaine treatment approximately restored the Ca 2+ influx to the original threshold (Fig. 4b) . Statistical analyses of the Ca 2+ influx during the tested time period demonstrated that cocaine-potentiated the K + -evoked Ca 2+ influx in NAc neurons infected with LV-CaMKIIa (p < 0.01, Fig. 4c ), and application of CART peptide significantly decreased the cocaine-induced increased Ca 2+ influx (p < 0.01, Fig. 4c ). in the open field test on five consecutive days. Significance differences, as assessed using two-way ANOVA with a subsequent post hoc t-test. The data for each group are presented as the means AE SEM (n = 5-6 rats/group). *p < 0.05 compared with the LVnegative rats.
CART peptide decreased the locomotor sensitization and Ca 2+ signaling responses to LV-CaMKII and cocaine treatment in the rat NAc shell Cocaine significantly enhanced the locomotor sensitization compared to that in cocaine-na€ ıve LV-CaMKIIa rats (n = 4-6 rats/group, p < 0.01, Fig. 5d ). CART peptide pre-treatment in LV-CaMKIIa rats decreased the behavioral sensitivity in the response to cocaine exposure (n = 4-6 rats/group, p < 0.01, Fig. 5d ). LV-CaMKIIa rats treated with CART peptide alone exhibited locomotor sensitization similar to that of saline-treated LV-CaMKIIa rats (n = 4-6 rats/group, p < 0.01, Fig. 5d ), which confirmed that the CART peptide itself did not inhibit locomotor sensitization. CaMKIIa-transfected NAc neurons following different treatments. Twoway ANOVA followed by a post hoc t-test was used to identify significance differences between the control group and cocaine group. The data are shown as the means AE SEM (n = 4 NAc cultures/group). **p < 0.01 compared with the control/saline group; ## p < 0.01, compared with the cocaine group.
Ca
2+ signaling plays an important role in regulating locomotor sensitization. Western blot analysis revealed that repeated cocaine exposure obviously increased the pCaMKIIa and calcium channel expression in LV-CaMKIIa rats (n = 4 rats/group, p < 0.01, Fig. 5d ), and CART peptide significantly attenuated this increase (n = 4 rats/group, p < 0.05 and p < 0.001, Fig. 5d ).
CART peptide decreased the pCaMKIIa-D3R interaction and D3R signaling responses to LV-CaMKIIa and cocaine treatment in the rat NAc shell Various coimmunoprecipitation and western blot analyses were performed to evaluate the effect of CART peptide on the pCaMKIIa-D3R interaction. The pCaMKIIa expression levels in D3R immunoprecipitates increased after cocaine injection (n = 4, p < 0.01, Fig. 6b) , and the D3R expression increased in pCaMKIIa immunoprecipitates (n = 4 rats/ group, p < 0.05, Fig. 6c ). However, CART peptide decreased the cocaine-enhanced pCaMKIIa-D3R interaction in CaMKIIa-over-expressing NAc neurons (n = 4 rats/ group, p < 0.01, Fig. 6c, d) . pCaMKIIa binds to D3R in the pCaMKIIa-D3R interaction and phosphorylates D3R at S229 (Liu et al. 2009 ). Cocaine significantly increased the amount of activated D3R with a phosphorylated serine residue in NAc neurons over-expressing CaMKIIa (n = 4 rats/group, p < 0.01, Fig. 6e) , and CART peptide effectively inhibited this increase (n = 4 rats/group, p < 0.05, Fig. 6e) . Activation of D3R results in pCREB in cocaine addiction. graph showing the quantification of the relative ODs for the pCaMKIIa and PMCA expression levels with data represented as the means AE SEM (n = 4-6 rats/group) and compared using two-way ANOVA followed by a post hoc t-test. **p < 0.01 and ***p < 0.001 compared to the saline-treated group; # p < 0.05, ## p < 0.01, and ### p < 0.001, compared with the cocaine-treated group on day 1.
Western blot analyses demonstrated that CART peptide decreased the cocaine-increased pCREB expression (n = 4 rats/group, p < 0.001 and p < 0.01, Fig. 6f ).
Discussion
Our previous studies confirmed that CART peptide effectively decreased caffeine-and cocaine-induced locomotor sensitization via inhibition of Ca 2+ signaling, dopamine signaling, and downstream CREB expression (Cai et al. 2014; Peng et al. 2014; Fu et al. 2016) . This study extended our previous studies using the LV system to over-express CaMKIIa and elucidate the possible mechanism of CART peptide in the inhibition of cocaine-induced locomotor sensitization. Our results demonstrated that CART peptide significantly decreased the behavioral sensitivity that resulted from the combination of CaMKIIa over-expression and cocaine via blockade of the pCaMKIIa-D3R interaction.
Repeated cocaine exposure increases CaMKIIa expression levels (Boudreau et al. 2009; Singer et al. 2010) . Our results showed that the transient viral-mediated over-expression of CaMKIIa in the LV-CaMKIIa rats enhanced the behavioral sensitivity caused by cocaine exposure, and CART peptide inhibited the cocaine-induced locomotor sensitization in LVCaMKIIa rats. Recent evidence also demonstrated that injection of the CaMKIIa inhibitor KN-93 into the NAc shell decreased calcium-dependent DA release, attenuated cocaine-enhanced locomotion and ultimately inhibited the initiation of drug-seeking behavior (Pierce and Kalivas 1997; Pierce et al. 1998; Loweth et al. 2008) . These findings suggest a potential therapeutic target that mimics the applied CaMKII inhibitors in the NAc for the obviation of cocaineinduced behavioral sensitization (Pierce et al. 1998 ; Loweth Means AE SEM (n = 4 rats/group). Significance differences assessed using two-way ANOVA followed by a post hoc t-test are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison to the salinetreated rats and et al. 2008). Our studies provide strong evidence for the inhibitory effects of CART peptide in cocaine-induced behavioral sensitivity, which may occur via CaMKII inhibition.
Our in vitro experiments also revealed that CaMKIIaover-expressing NAc neurons exhibited enhanced calcium influx following cocaine treatment, and CART peptide pretreatment inhibited this enhanced influx. CaMKIIa autophosphorylates at threonine 286 in response to Ca 2+ influx and calmodulin binding, which increases its excitatory activity (Hudmon and Schulman 2002; Schulman 2004; Liu et al. 2009; Liu and Murray 2012) . CaMKIIa may positively regulate Ca 2+ influx via coupling to NMDA receptors to further enhance neuronal excitability (Merrill et al. 2005; Skelding and Rostas 2009; Liu and Murray 2012) . CaMKIIa also couples to D3R to suppress the inhibitory characteristic of D3R; in concert with increased D1R activation, this change leads to a net up-regulation of the cAMP/PKA/ CREB pathway following cocaine exposure (Liu et al. 2009 ). Our laboratory previously observed that repeated cocaine exposure increased D1R and D2R expression, which led to the over-expression of CART peptide (Hu et al. 2015) . We also found reduced cocaine-and amphetamineenhanced D3R phosphorylation in the NAc after microinjection of CART peptide (Cai et al. 2014; Fu et al. 2016 ). The present data also indicated that CART peptide inhibited the pCaMKIIa-D3R interaction and down-regulated the downstream phosphorylation of D3R and the subsequent cAMP/PKA/pCREB signaling, which culminated in the inhibition of cocaine-induced activity-dependent changes. These results are consistent with the previously identified interaction between CaMKIIa and D3Rs; the affinity of this interaction was enhanced by the binding of CaMKIIa to Ca 2+ /CaM and by cocaine use in a dose-dependent manner in accumbal neurons (Liu et al. 2009 ). These findings confirm an inhibitory characteristic of intra-accumbal injected CART peptide on the cocaine-potentiated pCaMKIIa-D3R interaction.
The present experiments demonstrated for the first time and directly validate our speculations of the inhibitory mechanism of intra-accumbal microinjected CART peptide in the rewarding effect of cocaine (Fig. 7) . Consistent with Yu et al. (2017) , CaMKII, together with interacted D3R plays an important role in the modulatory effect of CART peptide on cocaine reward. Increased CaMKIIa expression modulates behavioral sensitivity in psychostimulant-na€ ıve rats and psychostimulant-exposed rats (Loweth et al. 2008; Peng et al. 2014) . However, CaMKIIa not only regulates CREB expression (Wu and McMurray 2001) but also interacts with D3Rs, thereby decreasing the efficiency of the receptor (Liu et al. 2009 ) in the activation of the downstream cAMP/PKA/pCREB pathway, which may account for the cocaine-induced locomotor activity. Our previous reports on CART peptide demonstrated that CART peptide exerted its inhibitory effect on cocaineinduced locomotor sensitization via the attenuation of cocaine-induced calcium influx, cocaine-enhanced pCaMKIIa, DR phosphorylation, and the cAMP/PKA/pCREB pathway (Cai et al. 2014; Hu et al. 2015; Fu et al. 2016) . This study used a LV system to over-express CaMKIIa and further investigate the effect of CART peptide on the pCaMKIIa-D3R interaction in the NAc shell. Our results demonstrated that CART peptide attenuated cocaineinduced locomotor sensitization via inhibition of the pCaMKIIa-D3R interaction.
Our findings of the inhibitory effect of CART peptide on the pCaMKIIa-D3R interaction provide insight into CARTspecific binding sites or a CART peptide receptor Maletinska et al. 2007) . Previous studies found specific binding sites for CART peptide in PC12 cells (Lin et al. 2011; Nagelova et al. 2014) , and PACAP 6-38 was a CART receptor antagonist in CART-induced activation of GPCR signaling in PC12 cell differentiation (Lin et al. 2011) . CART peptide inhibited the pCaMKIIa-D3R interaction in the NAc shell, supporting the existence of a CART binding site in this NAc-specific protein interaction. Further exploration of this interaction is needed.
We cannot regard CART peptide as a solely regulatory substance in psychostimulant drug addiction because the injection of CART peptide into the VTA induces locomotor activity (Kimmel et al. 2000; Jaworski et al. 2007 ). Job and Kuhar found a positive linear correlation between the magnitude of locomotor activity induced by psychostimulants and the inhibitory effect of CART peptide (Job and Kuhar 2017) . This study primarily focused on the rewarding state of cocaine addiction rather than the craving phase, which causes more severe social problems. CART peptide colocalizes with GABA (Jaworski et al. 2003b) , which is an inhibitory neurotransmitter that decreases DA release via activation of two GABA receptors, GABA A R and GABA B R (Hearing et al. 2012; Jiao et al. 2015) . Evidence from Rakovska et al. (2017) confirmed that CART (55-102) peptide modulate the dopaminergic reward system by decreasing dopamine in the mouse nucleus accumbens and by attenuating cocaine-induced effects on dopamine release. Previous studies have demonstrated that repeated cocaine exposure suppressed GABA B R-dependent inhibitory signaling in VTA DA and GABA neurons (Hearing et al. 2012) and disrupted the functions of GABA B R-Girk signaling in the medial prefrontal cortex (mPFC) (Hearing et al. 2012; Jiao et al. 2015) , resulting in addiction-related behavior, including sensitization (Hearing et al. 2012) . Acute cocaine exposure augments excitatory glutamate signaling in VTA DA neurons, accounting for the early behavioral responses to cocaine. Genetic studies also demonstrated increased GABA B 1 gene expression in the NAc tissues of mice with high methamphetamine-induced activity (Palmer et al. 2005; Jiao et al. 2015) . Taken together, those studies suggested that GABA B R might be a potent modulatory target for CART peptide on psychostimulants-induced behavioral sensitization. Recently, our laboratory found that CART significantly decreased cocaine-enhanced GABA B R expression in NAc tissues, which may reflect a compensatory response in the VTA-NAc circuit to a lower GABAergic capacity in the VTA. Further studies are needed to examine the exact relationship between CART peptide and GABA B R and to verify the inhibitory effect of CART peptide on cocaine addiction.
In conclusion, CART peptide attenuated the cocaineinduced activation of calcium signaling, which downregulated the activation of CaMKIIa (pCaMKIIa) via inhibition of the pCaMKIIa-D3R interaction. CART peptide decreased the activation of D3Rs (pD3R) and inhibited the downstream D3R-cAMP/PKA/pCREB signaling pathway. CART peptide effectively suppressed the behavioral sensitivity found in CaMKIIa-over-expressing and cocainetreated rats. This inhibitory mechanism requires further elucidation to support the application of CART peptide in the treatment of cocaine addiction.
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